Tomato yellow leaf curl virus (TYLCV) is a begomovirus transmitted exclusively by the whitefly Bemisia tabaci in a persistent, circulative manner. Replication of TYLCV in its vector remains controversial, and thus far, the virus has been considered to be nonpropagative. Following 8 h of acquisition on TYLCV-infected tomato plants or purified virions and then transfer to non-TYLCV-host cotton plants, the amounts of virus inside whitefly adults significantly increased (>2-fold) during the first few days and then continuously decreased, as measured by the amounts of genes on both virus DNA strands. Reported alterations in insect immune and defense responses upon virus retention led us to hypothesize a role for the immune response in suppressing virus replication. After virus acquisition, stress conditions were imposed on whiteflies, and the levels of three viral gene sequences were measured over time. When whiteflies were exposed to TYLCV and treatment with two different pesticides, the virus levels continuously increased. Upon exposure to heat stress, the virus levels gradually decreased, without any initial accumulation. Switching of whiteflies between pesticide, heat stress, and control treatments caused fluctuating increases and decreases in virus levels. Fluorescence in situ hybridization analysis confirmed these results and showed virus signals inside midgut epithelial cell nuclei. Combining the pesticide and heat treatments with virus acquisition had significant effects on fecundity. Altogether, our results demonstrate for the first time that a single-stranded DNA plant virus can replicate in its hemipteran vector.
T omato yellow leaf curl virus (TYLCV) (Begomovirus, Geminiviridae) is the name given to a complex of single-stranded DNA (ssDNA) plant viruses that cause tremendous losses of tomato crops worldwide (1) . Begomoviruses are transmitted by several biotypes of the whitefly Bemisia tabaci (2, 3) . Begomoviruses have either a single (monopartite) or two (bipartite) circular ssDNA genomes of ϳ2,700 nucleotides each. Each genome is encapsidated in an ϳ25-by 30-nm geminate particle. TYLCV has a single genomic DNA component, which carries six partially overlapping genes that are bidirectionally organized into two transcriptional units separated by an intergenic region (IR) of ϳ300 nucleotides (4, 5) . The virus strand is comprised of two genes: V1, which encodes the coat protein (CP) that functions as a nuclear shuttle protein and mediates vector transmission, and V2, which encodes a protein involved in viral movement and in suppression of gene silencing. The virus complementary strand is comprised of four genes: C1 encodes a protein (Rep) that initiates viral replication, C2 is a transcriptional activator that also interferes with transcriptional and posttranscriptional gene silencing, C3 encodes a replication enhancer, and C4 is involved in silencing suppression and has been shown to be a symptom determinant. CP is the only viral protein that has been implicated in vector-mediated transmission of TYLCV (6, 7) . In plants, TYLCV, like other begomoviruses, replicates in the infected nucleus via an intermediate double-stranded DNA (dsDNA) replicative form, according to the rolling-circle model (8) .
Begomoviruses such as TYLCV are acquired by the whitefly from the plant phloem as intact virions which pass along the food canal in the insect stylet with other phloem components until they reach the esophagus (9) . The first tissue through which virions can translocate to the hemocoel is a modification of the digestive system called the filter chamber (10) . Based on extensive TYLCV localization studies using fluorescence in situ hybridization (FISH) and transmission electron microscopy, most TYLCV virions have been observed in the filter chamber, suggesting that it is the main site for viral particle translocation to the hemocoel (11) (12) (13) . Virions are transported through the cytoplasm of the filter chamber epithelial cells in vesicles that fuse with the basal plasma membrane, releasing particles between the membrane and the basal lamina (10, 14, 15) . In contrast to the family Luteoviridae, TYLCV is localized in midgut epithelial cells but not in the hindgut (11, 16) . Once they cross the midgut cells, the virions take up temporary residence in the hemocoel and then enter the salivary system, from which they are transmitted to plants during feeding (9, 14, 15) . It takes a minimum of 8 h (latent period) from the moment that the virus is acquired from infected tomato plants to be effectively transmitted to test plants (9) . The vector specificity of geminiviruses is thought to be regulated at the gut interface (17, 18) and by cells around the secretory region of the primary salivary glands (19) .
During the transit of begomoviruses in their whitefly vector, CP is the only virus protein exposed to whitefly tissues, and it is hypothesized to interact with insect proteins that have a role in virus movement through insect tissues. TYLCV CP binds to the midgut of B. tabaci, possibly to receptors on epithelial cells (20) . Mutational analyses have defined specific regions of begomovirus CPs required for the transmission of begomoviruses by whiteflies (6, 7, 21) . Whitefly proteins involved in begomovirus circulative transmission have been intensively sought. A microarray approach examining the response of whiteflies to the acquisition and retention of TYLCV and Squash leaf curl virus (SLCV) showed that heat shock protein 70 (HSP70) interacts with the viruses' CPs (22) . It was hypothesized that HSP70 plays a role in protecting whiteflies from the viruses' detrimental effects (23) . A small B. tabaci 16-kDa HSP (BtHSP16) was identified by a yeast two-hybrid screen and found to be necessary for the transmission of Tomato yellow leaf curl Sardinia virus (TYLCSV) (24) .
Many reports strongly indicate that the interactions between several B. tabaci biotypes and several TYLCV species are not neutral and are reminiscent of an insect-pathogen relationship. TYLCV and other begomoviruses are present in the insect host for most, if not all, of the whitefly's life span (25) . The long-term TYLCV-whitefly interaction has been found to have deleterious (23) , beneficial (26) , or no (27) effects on the insect's fertility and longevity. TYLCV, Tomato yellow leaf curl China virus (TYLCCNV), and TYLCSV have been shown to be transmitted transovarially to progeny (28, 29) and during mating (28, 30, 31) . Expression profiling studies examined the transcriptional response of the B. tabaci B biotype to the acquisition and retention of TYLCCNV and identified 1,606 genes involved in 157 biochemical pathways that are differentially expressed in viruliferous versus nonviruliferous whiteflies (32) . That study showed that TYLCCNV perturbs the insect's cell cycle and primary metabolism and suppresses some immune responses, such as Toll-like signaling and mitogen-activated protein kinase pathways (32) .
The possible replication of begomoviruses in their whitefly vector is still under debate; the dogma is that this group of viruses does not replicate inside their insect vectors, and replication has not been demonstrated experimentally. Some plant RNA viruses have been shown to replicate in their insect vectors, such as nucleorhabdoviruses and cytorhabdoviruses (Rhabdoviridae), which replicate in plant hoppers (33) . Similarly, fijiviruses and all phytoreoviruses (Reoviridae) replicate in their plant hopper vectors (34, 35) . One of the best-known instances of plant virus replication in an insect vector is that of Tomato spotted wilt virus (TSWV) (Tospovirus, Bunyaviridae) in its thrips vector, Frankliniella occidentalis (36) . TSWV was shown to activate genes of the thrips immune system, including those encoding antimicrobial peptides, lectins, and members of the signal transduction pathways activated by Toll-like receptors (37) , as was recently shown for the expression of whitefly genes after acquisition and retention of TYLCCNV (32) .
Several attempts have been made to test whether TYLCV is able to replicate inside its whitefly vector. In those experiments, the amounts of virus were appraised during whitefly rearing on a nonvirus-host plant after a short virus acquisition period on infected plants, under standard laboratory conditions (1, 29, 38, 39) . None of those studies was conclusive. However, TYLCV (but not the bipartite begomovirus Tomato mottle virus [ToMoV] ) was shown to be actively transcribed in B. tabaci reared on cotton plants following a short acquisition access period (AAP) on infected tomato (40) . Interestingly, in those experiments, TYLCV DNA remained stable in the insects, while ToMoV DNA was rapidly degraded, suggesting a steady state of TYLCV DNA synthesis/degradation, whereas degradation prevails for ToMoV. Transcripts of genes located on the viral complementary strand (C3) as well as on the viral strand (V1 and V2) were detected, implying synthesis of the viral complementary strand using the viral strand as the template, to form a dsDNA replicative form.
In this study, we show that following a short AAP on infected tomato plants, the amounts of TYLCV estimated by quantitative real-time PCR (qPCR) increase and then decrease in viruliferous insects reared on cotton plants under standard conditions. Manipulation of the physiological environment of B. tabaci resulted in TYLCV levels that continuously increased and were dynamic under changing stress conditions. Therefore, we propose that TYLCV can replicate in its whitefly vector but that, under normal conditions, the whitefly can prevent virus accumulation using its immune system via an unknown mechanism.
MATERIALS AND METHODS
Maintenance of whiteflies and plants. The B. tabaci B biotype strains used in this study were reared on cotton seedlings (Gossypium hirsutum cv. Akala) and maintained in insect-proof cages in a growth room under the following standard rearing conditions: temperature of 25°C Ϯ 2°C, 60% relative humidity, and a 14-h-light/10-h-dark photoperiod. The identity of the B biotype population was confirmed by PCR with specific primers amplifying the cytochrome oxidase I gene and the Bem23 microsatellites that differentiate the B and Q biotypes that are present in Israel (41) . An Israeli isolate of TYLCV was maintained in infected tomato plants (Solanum lycopersicum cv. Avigail) by insect-mediated transmission. Tomato (host for TYLCV) and cotton (non-TYLCV host) plants were grown in potting mix in 1.5-liter pots under conditions of artificial light and controlled temperature detailed above for insect rearing.
Acquisition of TYLCV from infected tomato plants. Adult whiteflies, 4 to 5 days after emergence, were used to study the effects of virus acquisition and subsequent heat and pesticide exposure. The insects were caged with the fourth true leaf of TYLCV-infected tomato seedlings for 8-h AAPs, after which the viruliferous whiteflies were collected by aspiration and transferred onto cotton seedlings or were used in further experiments, as detailed below. Samples from 30 insects were collected immediately after transfer to cotton (0 h) and every 24 h thereafter, up to 7 days.
Three additional samples were collected every week up to 4 weeks. Midguts were dissected from these whiteflies (collected from days 0 to 7) for FISH and qPCR analyses.
Acquisition of TYLCV from a preparation of purified virions. TYLCV particles were isolated from young leaves of Nicotiana benthamiana plants ϳ4 weeks after whitefly-mediated infection, essentially as described previously (42) . In brief, the leaves were homogenized in ice-cold buffer (pH 8.0) containing 100 mM trisodium citrate, 18.5 mM ascorbic acid, 60 mM sodium sulfite, 5 mM EDTA, and 1% (wt/vol) ␤-mercaptoethanol (2 ml/g tissue). The homogenate was produced in 2.5% (vol/vol) Triton X-100, stirred for 16 h, filtered through cheesecloth, and clarified by a 10-min centrifugation at 8,000 ϫ g. The supernatant was centrifuged for 3 h at 90,000 ϫ g in a Beckman SW27 rotor. The pellet was resuspended in buffered (pH 8.0) CEM buffer (10 mM trisodium citrate, 1 mM EDTA, 0.1% ␤-mercaptoethanol) and subjected to similar low-speed followed by high-speed centrifugations. Pellets were resuspended in 1 ml 10% (wt/vol) sucrose in CEM buffer and clarified by a 10-min centrifugation at 4,000 ϫ g. The supernatant was loaded onto a 32-ml linear 10 to 50% sucrose gradient in CEM buffer. The sucrose gradient was fractionated (2 ml per fraction) after 14 h of centrifugation at 90,000 ϫ g in an SW27 rotor. The presence of viral particles in the gradient was determined by PCR using specific primers. The positive fractions were diluted with CEM buffer and centrifuged for 3 h at 90,000 ϫ g. The pellet was suspended in 15% sucrose in CEM buffer (without ␤-mercaptoethanol). The presence of viral particles was confirmed by staining with 2% (wt/vol) aqueous uranyl acetate and observation with an electron microscope (42) . Whiteflies were fed the purified virion preparation through membranes (42) . Whiteflies collected from the colony were placed into a 3-cm-diameter, 4-cm-high black plastic cylinder (ϳ50 insects per cylinder) covered with a layer of stretched Parafilm membrane and standing on a black plastic board (insects that died during caging accumulated at the bottom of the cage). About 0.2 ml of a 15% sucrose solution supplemented with yellow food dye and containing ϳ50 g DNA/ml of the virion preparation was deposited onto the membrane and covered with a second layer of stretched membrane. After 8 h, the insects were collected and caged with young leaves of cotton plants by using leaf clip cages. At the specified time intervals, random samples from 30 whiteflies were collected for analyses of TYLCV DNA amounts (using primers for V1) ( Table 1) and TYLCV transcript levels (V1 and C3) ( Table 1) , and 10 insects were collected for virus transmission to tomato test plants (Solanum lycopersicum cv. Daniella) (see below). In these tests, three tomato plants at the 3-to 5-true-leaf stage were used at each time point: for each plant, three insects were caged with a young leaf by using a leaf clip cage. Tomato infection was assessed by observation of symptoms and by PCR using V1-specific primers ( Table 1) .
Exposure of whiteflies to heat stress. TYLCV genomic DNA and gene transcript levels in whiteflies were quantified after exposure to continuous heat stress at 35°C, as previously described, with slight modifications (43) . Whiteflies were allowed an 8-h AAP on TYLCV-infected tomato seedlings as described above, caged with cotton seedlings by using leaf clip cages, and maintained at 35°C for 5 days in an incubator. Following this exposure to heat stress, live individuals were collected for DNA and RNA extractions, and the levels of the TYLCV gene transcript and hsp70 were measured by using reverse transcription-qPCR (qRT-PCR) and qPCR. Dissected midguts from heat-stressed females were subjected to FISH analysis for virus visualization.
Exposure of whiteflies to pesticides. Four-to five-day-old viruliferous B. tabaci adults (as described above) were reared on pesticide-treated cotton leaves for 5 days. Leaves were exposed to pesticides by using a previously described leaf dip method (44, 45) . Briefly, leaves were dipped in the pesticide solution for 20 s and then dried for 2 h under a hood. Insects were confined to the treated leaves for 5 days by using leaf clip cages. Following this exposure, live adults were collected, and the levels of TYLCV were measured by qPCR. Midguts were dissected from these insects, and the localization of the virus was determined by FISH analysis. The pesticides used in these experiments were acetamiprid at a 30% lethal concentration (LC 30 ) of 0.5 mg of active ingredient (a.i.)/liter and imidacloprid, which was applied to the seedlings by drenching (44) at an LC 30 of 0.5 mg a.i./liter. Briefly, cotton stems with leaves were kept in the pesticide solution for 24 h, during which the pesticide was systemically absorbed by the stems. After 24 h, the stems were transferred to distilled water for an additional 24 h, after which leaves were detached and used to expose B. tabaci adults to the pesticides. After 5 days, live adults were collected every 24 h for up to 5 days for DNA extraction and FISH analysis.
Exposure of whiteflies to changing conditions. After an 8-h AAP on TYLCV-infected plants, viruliferous insects were exposed to acetamiprid, imidacloprid, or heat stress as described above. After 48 h, one group of insects was collected for qPCR analysis using the V1, V2, and C3 gene primers. The insects from the remaining three groups (exposure to acetamiprid, imidacloprid, and heat stress) were transferred to cotton plants for 48 h at 25°C. An additional sample from each group was used for qPCR analysis; the remaining insects were reexposed to their respective stress treatments (acetamiprid, imidacloprid, or heat stress at 35°C). These transfers were carried out at 48-h intervals for up to 8 days, and the insects were sampled every 48 h for qPCR analysis. Thus, the relative abundance of TYLCV in the sampled insects was estimated at 0 h and 2, 4, 6, and 8 days.
DNA and RNA extraction and preparation of cDNA. Genomic DNA was isolated from groups of 30 B. tabaci adults per replicate by using the CTAB (cetyltrimethylammonium bromide) method (46) . DNA purity and yield were analyzed by using a NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific). Ten dissected midguts were incubated in 50 l double-distilled water at 95°C for 10 min to disrupt the cells and then subjected directly to qPCR. Total RNA extractions were carried out by using Tri reagent (Sigma). For each replicate, 30 B. tabaci adults were homogenized in 300 l Tri reagent containing 1 l linear polyacrylamide carrier (GenElute LPA; Sigma) and incubated for 5 min at room temperature. Chloroform (60 l) was added, followed by vigorous mixing and centrifugation at 12,000 ϫ g for 10 min at 4°C. The aqueous phase was transferred to a clean tube, 0.7 volumes of isopropanol were added, and the samples were gently mixed. The samples were then incubated overnight at Ϫ20°C for RNA precipitation. The samples were centrifuged at 12,000 ϫ g for 20 min at 4°C. The supernatant was carefully removed. The pellet was washed with 75% ice-cold ethanol, air dried, and dissolved in 50 l double-distilled water. RNA (100 ng) was used as a template for cDNA synthesis in 25-l reaction mixtures by using the Verso cDNA kit (Thermo Scientific, Fermentas). RNA integrity and removal of genomic DNA were confirmed by 1% agarose gel electrophoresis. Genomic DNA removal was further performed by using the Turbo DNA-free kit (Ambion).
Quantitation of viral DNA and transcripts. qRT-PCR and qPCR analyses were used to measure the amounts of viral DNA and the levels of different TYLCV gene transcripts, using the primers listed in Table 1 . Amplifications were performed by using Absolute Blue qPCR SYBR green Rox mix (Thermo Scientific). The expression of each gene was tested in three replicates in each of three independent biological experiments. The cycling conditions were 15 min of activation at 95°C; 40 cycles of 15 s at 95°C and 30 s at 58°C (actin and V2 genes), 59°C (C3 gene), or 63°C (V1 gene); and 30 s at 72°C. A melting ramp from 72°C to 95°C was used, with a 1°C increase at each step and a 5-s interval between steps. A Rotor Gene RG-6 machine (Corbett Robotics Pty.), with analysis software, was used for qPCR data normalization and quantification. For each run, standards were loaded onto the same plate to obtain the appropriate standard curve.
Quantification of TYLCV in head, thorax, and abdomen. After an 8-h AAP as described above, adult females were collected by aspiration and anesthetized with acetone vapors for 2 min. The insects were placed onto a glass slide containing a drop of phosphate-buffered saline (PBS) (4.3 mM Na 2 HPO 4 · 7H 2 O, 1.4 mM NaH 2 PO 4 , 137 mM NaCl, and 1 mM phenylmethylsulfonyl fluoride [pH 7.2]). The insects were then cut with a razor blade under a dissecting microscope into three parts: head, thorax, and abdomen. DNA was extracted from each part as described above. Sixty whiteflies were used for each replicate (three replicates were analyzed for 0 to 7 days).
FISH. FISH was performed as previously described (47, 48) . Briefly, midguts were dissected in PBS (pH 7.2) inside depressed glass wells, fixed in Carnoy's fixative (chloroform-ethanol-glacial acetic acid [6:3:1, vol/ vol]) for 5 min, and hybridized overnight in hybridization buffer (20 mM Tris-HCl [pH 8.0], 0.9 M NaCl, 0.01% [wt/vol] sodium dodecyl sulfate, 30% [vol/vol] formamide) containing 10 pmol fluorescent probe/ml. The sequences of the different probes used to localize the genomic viral and cDNA strands are detailed in Table 1 . Nuclei in the midgut were stained with 4=,6=-diamidino-2-phenylindole (DAPI) (0.1 mg/ml). The stained samples were mounted whole in hybridization buffer and viewed under an IX81 Olympus FluoView500 confocal laser scanning microscope. For each treatment, 10 to 20 midguts were viewed. Optical confocal sections (100 m thick) were sometimes prepared from each specimen for better visualization of the signal.
Immunolocalization of TYLCV. Midguts were dissected on microscopic slides under a dissecting microscope in 1ϫ PBS and fixed in 4% paraformaldehyde for 30 min at room temperature. Permeation of the midguts was then conducted by adding 0.1% Triton X-100 for 30 min at room temperature. The surfactant was then removed, and the midguts were washed three times with PBST (1ϫ PBS with 0.5% [vol/vol] Tween 20), blocked for 1 h at room temperature with blocking buffer (PBST with 1% [wt/vol] bovine serum albumin), and incubated overnight at 4°C with anti-TYLCV CP polyclonal primary antibody raised in rabbit. Midguts were then washed three times with PBST and incubated with goat antirabbit secondary antibody conjugated to Cy3 (Sigma-Aldrich) for 1 h at room temperature. Midguts were washed again three times with PBST, mounted in 1ϫ PBS containing 100 g/ml DAPI, covered with a coverslip, sealed with nail polish, and viewed under a confocal microscope. For each treatment, 10 to 20 midguts were viewed.
Whitefly fecundity under conditions of heat and insecticide stresses. Healthy 4-to 5-day-old female whiteflies reared on cotton were transferred to new cotton plants and to noninfected and TYLCV-infected tomato plants. After 8 h, the insects were collected from the noninfected and TYLCV-infected tomato plants and placed in leaf clip cages. The cages were attached to (i) cotton leaves for a 48-h exposure to heat stress at 35°C, (ii) acetamiprid-treated cotton leaves (at a concentration of 0.5 mg a.i./ liter), or (iii) clean cotton plants. A fourth group was transferred from cotton to cotton as a control. Each replicate consisted of 5 confined adult females in each leaf clip cage; 6 replicates were used for each experiment. The number of eggs laid during this 48-h period was counted.
Statistical analyses. The significance of the differences between means for all comparisons performed on data from the qPCR, qRT-PCR, and fecundity experiments was determined by replicating experiments at least three times and analyzing the data by using a paired t test with one-way analysis of variance (ANOVA) followed by a Tukey-Kramer honestly significant difference (HSD) test (␣ ϭ 0.05). JMP7 (SAS Institute) was used for all statistical analyses. Significance (P) values of Ͻ0.05 indicate statistically significant differences between the compared means for any specified comparison.
RESULTS
Accumulation of TYLCV DNA and transcripts following virus acquisition from infected plants and retention or administration of purified virions. After TYLCV acquisition from infected plants and retention on cotton, as described in Materials and Methods, insects were sampled immediately (0 h), every 24 h for up to 7 days, and then every week for 4 weeks. The amount of viral DNA was determined by qPCR using primers specific for the V1, V2, and C3 genes. The insect ␤-actin gene was used for calibration in this and all other experiments in this study, as this gene did not show any fluctuations under the different treatment conditions. Figure 1A shows that, regardless of the primers used and the gene being tested, the amount of viral DNA peaked 2 days after the insects were transferred to cotton and then decreased sharply, reaching almost undetectable levels by the end of the fourth week. Virus levels on day 2 were significantly higher than those at any other tested time point during the experiment (P ϭ 0.0001 compared to 0 h of retention, as determined by a Tukey HSD test). This increase was likely due to virus replication in its insect vector. To support the replication hypothesis, we eliminated the plant factor by feeding whiteflies for 8 h on preparations of purified virions through membranes. The purity of the virus preparation was evaluated by transmission electron microscopy. Large fields of geminate particles were observed, whereas substantial cell debris was not conspicuous (Fig. 1B) . After 8 h, the insects were transferred to cotton plants, and the amounts of viral DNA and V1 and C3 transcripts were measured by qPCR at the specified time intervals (Fig.  1B) . The insects that fed on the virus preparation for 8 h were able to infect all of the tomato test plants used in the virus inoculation assays, indicating that the virus preparation contained infectious particles (data not shown). At 0 h, the insects did not contain detectable amounts of V1 or C3 RNA (Fig. 1B) . In addition, attempts to prepare cDNA to identify V1 and C3 transcripts in the virion preparation were unsuccessful (not shown). These results indicated that whiteflies do not acquire viral transcripts while feeding on the preparations of viral particles. The amount of viral DNA associated with the whiteflies (using the V1 gene encoding CP as a marker) started to increase between days 1 and 3 and peaked 5 days after transfer to cotton plants (P ϭ 0.0001 compared to 0 h of retention, as determined by a Tukey HSD test). At this time, the amount of viral DNA was ϳ7-fold higher than the amount acquired by the insects (0 h), and it decreased thereafter. The accumulation of transcripts of two genes was monitored after the 8-h acquisition of viral particles through membranes: V1, transcribed from the viral genomic strand, and C3, transcribed from the viral complementary strand. The amount of V1 RNA was already at its maximum 1 day after the end of virion acquisition through membranes (P ϭ 0.0001 compared to 0 h of retention, as determined by a Tukey HSD test), and it decreased thereafter. On the other hand, the amount of C3 RNA increased steadily after acquisition of the virions to a peak 5 days later (P ϭ 0.002 compared to 0 h of retention, as determined by a Tukey HSD test), and it then decreased. Since C3 RNA results from transcription of the C3 gene, which is carried solely by the complementary virion genomic strand, the viral genomic strand (which carries the V1 gene) had to serve as the template for synthesis of the complementary virion genomic strand, together forming the dsDNA replicative form.
Since the translocation velocity of the virus in the insects depends on the insect organs that it reaches and passes through, the same experiment as the one shown in Fig. 1A was conducted, but the bodies of the insects were divided into three parts, each containing organs involved in the circulative transmission of TYLCV: head (salivary glands), thorax (esophagus), and abdomen (midand hindguts). The amount of virus was measured in insects collected every day for 7 days. As shown in Fig. 2 , the virus patterns in the three different parts showed a trend similar to that in whole insects (summarized in Fig. 1) : the virus levels reached a significant peak ϳ2 days after the beginning of whitefly feeding on cotton plants (P ϭ 0.0001 for the three genes in the head and thorax compared to 0 h of retention, as determined by a Tukey HSD test) and then gradually decreased until day 7. It should be noted that the virus amounts in the abdomen reached a significant peak after 1 day of retention, which lasted 2 days, compared to the peak on day 2 in the head and thorax (Fig. 2C, A, and B, respectively) . The longer retention in the abdomen might have been related to the midgut, which functions as a major reservoir where virions accumulate during acquisition and are subsequently absorbed into the hemocoel. To test this hypothesis, we collected midguts from adults subjected to the experimental conditions described above. Within 2 to 4 days, the virus associated with the midgut reached levels ca. 8-fold higher than the levels found immediately after feeding on TYLCV-infected tomato plants (0 h), more than double the amount estimated to be present in the abdomen, head, and , abdomen (C), and dissected midguts (D) using qPCR. Adult females were provided an 8-h AAP on TYLCV-infected tomato plants and then transferred to cotton, a nonhost for TYLCV. Adults were collected at 0 h and on days 1 to 7; their bodies were separated into head, thorax, and abdomen sections, or their midguts were dissected; and the virus levels were quantified. Results were normalized to the values for the host nuclear ␤-actin gene. Each experiment was performed in three replicates and statistically analyzed by using a paired t test with an ␣ value of 0.05. The error bars in all graphs represent standard errors of the means. thorax (Fig. 2D) . Furthermore, TYLCV amounts differed profoundly among the three genes tested, V1, V2, and C3, compared to the equal amounts observed when they were measured in the head, thorax, and abdomen. Virus levels reached their peak on day 3, when the amount of V1 was measured (P ϭ 0.001 compared to 0 h of retention, as determined by a Tukey HSD test) and then sharply declined to undetectable levels on day 7. Measurements of V2 levels showed a gradual increase to day 4 (P ϭ 0.023 compared to 0 h of retention, as determined by a Tukey HSD test), while C3 showed the lowest level of increase up to days 3 and 4, about half the amounts seen with V1 and V2; nevertheless, it was still highly significant (P ϭ 0.001 compared to 0 h of retention, as determined by a Tukey HSD test).
TYLCV amounts change upon exposure of B. tabaci to stress. The increases in the amounts of viral DNA and RNA (using gene sequences on the virus genomic and complementary strands) associated with whiteflies following a short acquisition period suggested that TYLCV accumulates in the whitefly (up to 2 days in the whole body and up to 4 days in the midgut). On the other hand, the amounts of viral DNA and RNA decreased sharply thereafter ( Fig. 1 and 2 ). These results suggested that after a short period of virus replication and expression, virus replication is inhibited, possibly by activation of a stress response mechanism in the insect. Imposing further stress on the whitefly, i.e., in addition to the virus (1, 32, 49), might change the dynamics of the virus in the insect. Two types of stress to which whitefly populations in the field are often subjected were applied to whiteflies after virus acquisition: pesticides and heat stress. Following an 8-h AAP on TYLCV-infected tomato, adult B. tabaci females were exposed to cotton plants treated with sublethal concentrations of either acetamiprid or imidacloprid, both neonicotinoid pesticides, for 5 days. An additional group of whiteflies on cotton plants was exposed to heat stress at 35°C for 3 days. As a control, viruliferous whiteflies that had acquired TYLCV for 8 h were reared on untreated cotton plants for 5 days at 25°C. Live adults were acquired from the pesticide-treated, heat-treated, and control groups every 24 h for up to 5 days, starting from 0 h (before exposure to stress). Virus DNA levels were quantified as described above. The use of V1, V2, and C3 gene sequences showed similar virus levels throughout the experiments, with no significant differences (Fig. 3) . In the insects exposed to control conditions, the virus copy number peaked after 2 days and then decreased to undetectable levels by day 5, as found in previous experiments (not shown). Interestingly, the virus levels in viruliferous adults that were exposed to acetamiprid, imidacloprid, or heat stress showed different dynamics than those in the controls. Under conditions of acetamiprid exposure, the virus levels (using V1, V2, or C3) increased steadily during the 5 days of the experiment, without the decrease observed after 2 days in controls, reaching significantly higher levels than those at the start of the experiment (P ϭ 0.0001 for the three genes on day 5 compared to 0 h of retention, as determined by a Tukey HSD test). The three genes showed the same pattern and magnitude of increase in virus amounts (Fig.  3A) . Similar results and significances were obtained when the insects were exposed to imidacloprid, although the virus levels rapidly increased from day 1 to day 2 and increased only slightly on day 3 (Fig. 3B) . To confirm these results, the levels of the virus were measured in abdomens separated from adults treated with acetamiprid for 7 days. Here, the virus levels increased constantly and peaked on day 7, without any decrease in the levels of any of the genes tested (Fig. 3C) ; their levels were significantly different from those at the start of the experiment (P ϭ 0.0001 for the three genes on day 7 compared to 0 h of retention, as determined by a Tukey HSD test). Interestingly, when the virus levels were measured during 4 days of constant heat stress, a continuous and significant decrease was observed until the virus was no longer detectable, on day 4; none of the gene sequences used showed the typical increase up to 2 days observed in the experiments described above (Fig. 3D ) (P ϭ 0.0001 for the three genes on day 4 compared to 0 h of retention, as determined by a Tukey HSD test).
A previous study showed that HSP70 plays a role in TYLCV transmission by B. tabaci and has an inhibitory role against the virus (22) . To test whether hsp70 expression changes following heat shock, whiteflies were provided an 8-h AAP on TYLCV-infected plants. The insects were then exposed to a temperature 35°C for 3 days, while control insects were exposed to a temperature of 25°C. The whiteflies were sampled every 24 h for up to 3 days for RNA extraction and qRT-PCR analysis (Fig. 4A) . During the first day at 25°C, expression of the V2 and C3 genes increased slightly, while that of the V1 gene showed a slight decrease, although none of these changes were significant. On days 2 and 3, the three genes showed a gradual decrease in expression (Fig. 4A ). Under these normal rearing conditions, hsp70 showed a slight increase in expression until day 2 and then a slight decrease on day 3; however, none of these changes was significant across the time points (Fig.  4A ) (P ϭ 0.39 for 0 h compared to day 3, as determined by a Tukey HSD test). For the heat stress experiment at 35°C, the results showed a gradual decrease in the expression of the three viral genes to levels that were no longer detectable by the end of day 3 (Fig. 4B) . On the other hand, the expression level of hsp70 increased sharply, peaking on the first day of the heat stress; decreased on day 2, although it remained higher than initial levels at the start of the experiment; and remained at this level until the end of day 3 (Fig. 4B) . The levels of hsp70 transcript on day 1 were significantly higher than those at any other time point tested (P ϭ 0.002 for hsp70 on day 1 compared to 0 h or 3 days of retention, as determined by a Tukey HSD test). Quantification of HSP70 protein levels by using a Western blot approach showed similar results (not shown).
Dynamics of TYLCV levels in B. tabaci under changing stress conditions. To confirm that stress is a major factor in the increase or decrease in virus levels, we designed experiments in which the insects were switched between stress and normal conditions several times (see Materials and Methods). The results presented in Fig. 5 show that the virus amounts peaked 2 days after retention and then decreased under normal conditions, as observed in the above-described experiments (Fig. 5A) . The virus amounts after 2 days were significantly higher than those at the beginning (P ϭ 0.012, as determined by a Tukey HSD test) and end (P ϭ 0.0001, as determined by a Tukey HSD test) of the experiment. When the insects were switched from normal conditions to acetamiprid treatment for 2 days, after they had acquired TYLCV for 8 h, the virus amounts increased ϳ7-fold when V2 and C3 levels were measured and ϳ5-fold when V1 levels were measured (P ϭ 0.0001 compared to 0 h of retention, as determined by a Tukey HSD test) (Fig. 5B) . The virus amounts decreased ϳ3-fold when the insects were switched back to untreated cotton for two more days (P ϭ 0.0001 compared to 2 days of retention, as determined by a Tukey HSD test) but increased again significantly when the insects were transferred for a second time to acetamiprid and then decreased significantly to almost undetectable levels when the insects were reared for 2 days without treatment (Fig. 5B) . The same significant fluctuations in TYLCV amounts, with similar significance values, were observed when the insects were switched between untreated leaves and leaves treated with imidacloprid; however, in this case, the virus amounts and the fluctuations were lower, albeit still significant, than those observed for the acetamiprid treatment (Fig.  5C ). For example, virus amounts were up to 7-fold higher after the first 2 days of treatment with acetamiprid but only ϳ2-fold higher when insects were exposed to imidacloprid for the same amount of time ( Fig. 5B and C) . Hence, upon exposure to heat stress at 35°C during the first 2 days, the virus levels decreased significantly, as observed for the above-described experiments (P ϭ 0.001 compared to 0 h of retention, as determined by a Tukey HSD test); however, the levels significantly increased once the insects were transferred to a temperature of 25°C for 2 days, in direct opposition to the results obtained when insecticides were applied, where the virus levels first increased and then decreased (Fig. 5D ). These fluctuations were also observed after switching the temperature from 35°C to 25°C for up to 8 days (Fig. 5D) , and the differences in virus amounts were significant.
To further investigate the changes in virus amounts following insecticide treatment or heat stress, we measured the virus levels in insects exposed to the insecticide and heat treatments described above after longer retention periods. Whiteflies were transferred to cotton plants after an 8-h AAP on infected tomato plants. After 7 days on cotton, the insects were exposed to acetamiprid, imidacloprid, or heat stress for 2 or 4 days. The results summarized in Fig. 6 showed that following the initial 8-h AAP, retention for 9 or 11 days resulted in a significant decrease in virus levels. When the virus was retained for 7 days and the insects were then transferred to acetamiprid-or imidacloprid-treated leaves for 2 days, the levels of the virus rose significantly again, to levels close to those in the controls at the initial acquisition. When the rearing time on either acetamiprid-or imidacloprid-treated leaves was increased from 2 to 4 days, the virus levels significantly increased and reached higher levels than those for the 2-day treatment. Interestingly, when whiteflies retained TYLCV for 7 days and were then transferred to a temperature of 35°C for 2 days, the virus levels decreased dramatically and were the lowest (significantly so) among all treatments (Fig. 6) .
Localization of viral genomic and complementary viral genomic strands in whitefly midguts. FISH was applied to visualize the virus genomic strand and its complementary strand (present only on the viral genome replicates), using fluorescent probes designed for different gene sequences on the virus genomic and complementary strands. Probes were designed to visualize V1 (CP) on the virus strand, cV1 for V1 gene sequences on the complementary strand, and cC1 (Rep protein) on the complementary strand. Localization studies were performed with midguts dissected from insects after an 8-h AAP on infected tomatoes (considered 0 h) and then with midguts from whiteflies reared for 2 and 7 days on cotton plants. Midguts dissected at 0 h (after 8 h of TYLCV acquisition) exhibited V1-specific signals in the filter chamber and, to a lesser extent, in other parts of the midgut, including the ceca and descending and ascending midguts (Fig. 7A) . The cV1 and cC1 probes, which are complementary to sequences on the replicative form of the virus genomic strand, showed fluorescent signals throughout the midgut (Fig. 7B and C) . After the viruliferous insects were reared on cotton plants for 2 days, the intensities of the fluorescent V1, cV1, and cC1 signals increased (Fig. 7D , E, and F, respectively) and then decreased after 7 days on the cotton plants (Fig. 7G, H, and I, respectively) . These results were comparable to those obtained by qPCR using genes on the virus genomic strand and on the complementary genome strand (Fig. 1) . The FISH results furthermore showed that the observed signals were limited mostly to the filter chamber and ceca and less frequently to the descending and ascending midguts (Fig. 7) . Interestingly, probes for sequences on the virus complementary genome strand targeted sites that differed from those illuminated by the V1 viral strand probe and were specifically localized to the nuclei of midgut epithelial cells (Fig. 7E and F) .
Localization of viral CP and DNA and host hsp70 transcripts in whitefly midgut following insecticide and heat stress. qPCR and FISH showed that during the rearing of viruliferous whiteflies on cotton plants (following 8 h of acquisition of TYLCV), virus amounts increased to a peak at 2 days and then decreased to al- 
FIG 6
TYLCV dynamics measured by using the C3 gene sequence under different experimental conditions using qPCR on viral DNA. 0h, TYLCV levels measured immediately after an 8-h AAP; 9dR C, AAP for 8 h and retention on cotton leaves for 9 days; 11dR C, AAP for 8 h and retention on cotton leaves for 11 days; 7dR ϩ 2d AM, AAP for 8 h, retention on cotton leaves for 7 days, and then retention on leaves treated with acetamiprid for an additional 2 days; 7dR ϩ 2d IC, AAP for 8 h, retention on cotton leaves for 7 days, and then retention on leaves treated with imidacloprid for an additional 2 days; 7dR ϩ 4d AM, AAP for 8 h, retention on cotton leaves for 7 days, and then retention on leaves treated with acetamiprid for an additional 4 days; 7dR ϩ 4d IC, AAP for 8 h, retention on cotton leaves for 7 days, and then retention on leaves treated with acetamiprid for an additional 4 days; 7dR ϩ 2d HS, AAP for 8 h, retention on cotton leaves for 7 days, and then retention under heat stress for an additional 2 days. most undetectable levels after 7 days ( Fig. 1 and 7) . Exposure of viruliferous whiteflies to insecticides and heat stress resulted in an increase and a decrease, respectively, in virus levels. FISH analysis was used to confirm the insecticide and heat stress results. The three probes V1, cV1, and cC1 were used to localize the virus genomic strand and its complementary genomic strand in midguts dissected from whiteflies subjected to the insecticide and heat stress treatments described above.
Following an 8-h AAP on TYLCV-infected plants, the whiteflies were transferred to cotton plants. The insects were sampled at 0 h and after 3 days for immunostaining and FISH analysis with anti-virus CP antibody and the V1 probe on the viral strand. In addition, following an 8-h AAP, additional insects were transferred to a temperature of 35°C and sampled at 0 and 24 h, and their midguts were then dissected and subjected to FISH analysis using the V1 probe and a probe targeting hsp70 mRNA. Midguts dissected at 0 h, before insecticide and heat treatments, showed virus signals mostly in the filter chamber, indicating that the insects had acquired detectable levels of virus (Fig. 8A and D and  9A ). After 3 days on the cotton plants, the virus-associated signals decreased compared to those at 0 h ( Fig. 8B and E) . However, the virus signals drastically increased in midguts dissected from adults exposed to acetamiprid for 3 days, not only in the filter chamber but also along the midgut, including the ceca and descending and ascending midguts (Fig. 8C and F) . As mentioned above, TYLCV FISH signals at 0 h, before exposure to heat stress (Fig. 9A) , were increased to some extent after 1 day of rearing at 35°C and appeared to be more intense in the nuclei of the epithelial cells (Fig.  9B) . The expression of hsp70 was monitored with an hsp70 fluorescent probe. The levels of hsp70 transcript at 0 h were barely detectable (Fig. 9D) ; however, the signals increased after 24 h on cotton plants (Fig. 9E) . The hsp70 transcript was localized throughout the midgut, including within nuclei, and paralleled the presence of the virus (Fig. 9B) . At 35°C, the levels of the hsp70 transcript increased, and it was concentrated in the filter chamber and the descending midgut (Fig. 9F ). This change in hsp70 expression was accompanied by drastic decreases in TYLCV levels, which were almost undetectable by FISH (Fig. 9C) . Taken together, these results suggested that while insecticide treatment increases TYLCV levels, heat stress results in upregulation of hsp70 and a decrease in virus levels.
Influence of TYLCV on whitefly fecundity under normal and stress conditions. Since we previously reported that TYLCV influences the fecundity and fertility of B. tabaci (23) , we tested the hypothesis that virus replication, alone or in combination with stress conditions, influences the insect's fecundity. The mean number of eggs laid by adults on cotton was ϳ4 per female per 24 h (Fig. 10) . On tomato, this number decreased to 2.7 eggs and was not significantly different from the number laid by whiteflies that were reared on leaves treated with sublethal concentrations of acetamiprid or those reared with a 35°C heat shock (Fig. 10) . Interestingly, the number of eggs laid by insects that had acquired TYLCV was 1.3 per female per 24 h, significantly lower than those with previous treatments. When TYLCV was combined with acetamiprid or heat shock, the number of eggs laid decreased to ϳ1 per female per 24 h with TYLCV-acetamiprid and 0.5 per female per 24 h with TYLCV-heat shock. The latter combination was the most potent at decreasing oviposition (Fig. 10) .
DISCUSSION
The aim of this study was to investigate whether TYLCV, a begomovirus that belongs to an emerging group of ssDNA plant viruses, is able to replicate and accumulate within its whitefly vector. Several previous reports provided indirect evidence supporting this premise, including accumulation of transcripts of genes located on the complementary virus strand (40) , transmission through the egg and during mating (28) (29) (30) (31) , and deleterious (23) or beneficial (26) effects on fertility and longevity. Figure 1A shows that following an 8-h AAP on infected tomato plants, the amounts of TYLCV associated with whiteflies increase during the first 2 days of feeding on cotton plants. We hypothesized that this increase was due to replication of the virus in its insect vector. To support this, we eliminated the plant factors (polymerases and primers, etc.) by feeding whiteflies for 8 h on preparations of purified virions through membranes. These insects were then transferred to cotton plants, and the amounts of viral DNA and transcript were measured. As shown in Fig. 1 , where the insects acquired TYLCV from infected plants, the amounts of viral DNA associated with the whiteflies increased between days 1 and 3, peaked 5 days after transfer to cotton plants, and decreased thereafter (Fig. 1B) . During rearing on cotton, the amounts of V1 and C3 transcripts increased and then decreased (Fig. 1B) . The amount of V1 RNA peaked after only 1 day, possibly because large amounts of capsid protein are needed to build the geminate virion. The amounts of C3 RNA increased steadily up to 5 days and decreased thereafter. C3 RNA results from transcription of the C3 gene carried on the virus complementary strand. The viral genomic strand (which carries the V1 gene) serves as the template for complementary-strand synthesis and for the production of the dsDNA replicative form. These results greatly strengthened the replication hypothesis.
Following an increase upon acquisition, the amounts of virus subsequently decreased ( Fig. 1 and 2 ). Inhibition of virus accumulation might be due to cessation of replication, and the decrease in virus amounts might be due to transmission to the cotton plant, destruction by the insect immune system, or some other defense mechanism in the whitefly that is activated against the virus. Indeed, it was previously reported that TYLCCNV is able to manipulate vector genes involved in stress and immune responses (32) . The latter report suggested that the immune system or other defenses in the whitefly play a role in suppressing the virus's ability to replicate in B. tabaci. This suppression might also have life history trade-offs, as demonstrated for TYLCV, which had a significant effect on life history parameters in B. tabaci, such as fecundity and fertility (23) . The role of the whitefly immune system or other defenses in suppressing virus replication needs to be further investigated, possibly by monitoring the expression dynamics of immune system or defense response genes after virus acquisition and retention. The possible activity of a defense or immune response could be further tested by challenging the insect with additional stresses following TYLCV acquisition and then testing the effect of this exposure on virus dynamics or other biological traits of the insect, because the insect has constraints in responding to multiple stresses. To investigate this, we tested whether the combination of TYLCV and additional stresses would influence the virus's ability to replicate. Imposing additional stress by exposing viruliferous whiteflies to insecticides resulted in continuous virus accumulation (Fig. 3) , suggesting that a combination of two stresses impairs the insect's ability to cope with virus accumulation. The insecticides used in this study are neonicotinoids, a class of neuroactive insecticides that specifically bind to acetylcholine receptors in the insect's central nervous system, leading to overstimulation and blocked activity (50) . Aside from general stress, this class of insecticides activates molecular responses, such as detoxification responses of P450 enzymes (51) , and it has been shown to accelerate combination on whitefly fecundity. Whiteflies were provided an 8-h AAP on TYLCV-infected tomato, retained the virus for 2 days, and were left to lay eggs on cotton leaves for 48 h. After virus retention and before egg laying, the insects were subjected to exposure to acetamiprid treatment (AM) or heat shock (HS). Data shown are the means Ϯ standard errors of the means of data from six independent experiments. Different letters above the columns indicate statistically significant differences.
the negative impact of pathogens, including viruses, on honeybees by imposing additional stress (52) . Thus, the responses caused by the neonicotinoids used in our study might have indirectly impacted the response of B. tabaci to TYLCV, which might in turn have led to the virus's replication. When heat stress was imposed, the opposite response was obtained, with an immediate and continuous decrease in virus amounts to undetectable levels (Fig. 3) . The latter response was supported by the fact that imposing heat stress resulted in the accumulation of HSP70 and the hsp70 transcript (Fig. 4 and data not shown for protein levels) , which has been shown to inhibit TYLCV transmission (22) . It is also known that exposure to abiotic stresses such as heat shock, UV radiation, and chemical pesticides and to biotic stresses such as viruses, bacteria, fungi, and parasitoids may induce the expression of HSP70, which in turn activates the insect's stress response (53) . It is therefore likely that in our experiments, exposure to heat led to the activation of a defense mechanism by HSP70, resulting in the inhibition of virus replication (Fig. 4) . These results are supported by the increase followed by the decrease in virus levels after acquisition and retention and when the whiteflies were switched between pesticide/heat stress and normal conditions (Fig. 5) , by the cumulative influence of exposure to pesticides for 2 and 4 days on virus levels, and by the strong decrease in virus levels after exposure to heat (Fig. 6 ). This additive influence suggests that the longer the exposure to pesticide stress, the greater the virus's ability to replicate, as illustrated by its levels 2 and 4 days after exposure to each of the pesticides.
The observation that virus accumulation lasted 2 to 3 days longer in the midgut than in the whole body of the whiteflies, and the higher levels of virus in the midgut than in whole insects or their separate parts, suggests that higher levels of virus replication and accumulation occur in midgut cells, as other tissues encountered before the virus reaches the midgut are chitin lined and cannot be penetrated (9) . When the increase in virus levels in the midgut is compared with that in the rest of the insect, it seems that the virus increases to significantly high levels and that this increase extends for up to 3 days when targeting the V1 and C3 DNA levels and for up to 4 days when targeting V2 DNA. The differences in the increases in virus gene levels in the midgut might be only technical, as midguts were directly subjected to qPCR analysis without DNA extraction, and the accessibility of the primers to the viral DNA during the amplification reaction is expected not to be uniform. FISH analysis confirmed that the virus reaches high levels in midgut epithelial cells (13) . These dynamic levels of TYLCV in the midgut, as observed by using qRT-PCR, qPCR, and environmental manipulation, were confirmed by FISH and immunolocalization experiments using probes targeting the V1, V2, and C3 sequences on the virus strand and the complementary strand and antibody against viral CP. These experiments showed an increase in virus signals after 2 days of retention and a decrease after 7 days (Fig. 7) or fluctuations in the virus levels when the environmental conditions were manipulated by using pesticides and heat stress ( Fig. 8 and 9 ). FISH analysis further confirmed the association between the increase in HSP70 levels and the decrease in virus levels following heat stress (Fig. 9) , confirming that heat stress induces HSP70 expression, which results in the inhibition of virus accumulation, possibly via the activation of immune or defense responses. The data from FISH analyses shown in Fig. 9B further demonstrated that the virus localizes to nuclei after 24 h of retention, the exact time when the accumulation of virus is at its peak ( Fig. 1 and 2) , suggesting that midgut cell nuclei are the sites of virus replication. The effect of the combination of heat stress and pesticides with virus retention on oviposition was remarkable compared to that of each treatment alone (Fig. 10) . The effect of virus retention alone was stronger than that of heat stress or acetamiprid, both of which had significantly stronger effects on oviposition than no treatment on cotton or tomato plants. However, the strongest effects were observed when the acetamiprid or heat stress treatment was combined with virus, with the heat stress-virus combination having the strongest effect on the number of eggs laid. These results demonstrate that while pesticide treatment might extract some cost from having to cope with its toxic effects, thus leading to reduced defenses, heat stress causes overexpression of HSP70, which likely results in the activation of defenses, leading to an even stronger effect on oviposition.
